= 0,1] and the arsonic acid FcCH 2 CH 2 As(O)(OH) 2 have been synthesized; X-ray crystal structures of FcCH 2 P(O)(OH) 2 and FcCH 2 CH 2 P(O)(OH) 2 are 2 reported, together with a study of their fragmentation pathways by negative-ion electrospray mass spectrometry.
Introduction
Phosphonic and arsonic acids are diprotic acids with the general formula RE(O)(OH) 2 (E = P, As; R = alkyl, aryl). There has been recent intense interest in the chemistry of phosphonic acids, particularly for the self-assembly of their metal salts into two-and three-dimensional structures, since the resulting phosphonate materials have chemical properties which are highly dependent on the nature of the organic moiety (R) on the phosphonic acid. [1] Indeed, phosphonic acids containing photo-active [2] , acidic [3] , basic [4] , ion-selective [5] and chiral [6] R groups have been prepared for incorporation into metal phosphonate materials.
The aim of this work was to synthesise phosphonic acids derived from the ferrocene moiety, and to ultimately incorporate these redox-active molecules into metal phosphonate materials. In this field, there has been recent interest in phosphonic acids and phosphonates derived from the arene chromium tricarbonyl moiety, where the carbonyl ligands provide a convenient infrared spectroscopic handle for materials characterization. [7, 8] . Since its discovery, there has been intense interest in the chemistry of ferrocene and its derivatives [9] however, in the area of organophosphorus derivatives, most work has focused on ferrocenyl-phosphines as ligands. [9, 10] Reports of phosphonic acid derivatives of ferrocene are, surprisingly, extremely rare. The phosphonic acid 4 FcP(O)(OH) 2 has been reported in patent literature as an ingredient in explosives [11] while the monoester FcCH 2 P(O)(OMe)(OH) has been known for some time.
[12] 6-Ferrocenylhexylphosphonic acid, Fc(CH 2 ) 6 P(O)(OH) 2 has been synthesized by Me 3 SiBrmediated hydrolysis of Fc(CH 2 ) 6 P(O)(OEt) 2 . [13] We have recently reported the synthesis of the phosphinic acid FcCH 2 P(O)(OH)(CH 2 OH) [14] and the phosphate salt FcCH 2 CH 2 OPO 3 Na 2 is known. [15] Arsonic acids, while weaker acids than phosphonic acids, also form salts with metals [16] and have been widely used as analytical reagents for certain metal ions [17] though their structural chemistry has been less widely studied. [16] Ferrocene-phosphonic (and arsonic) acids have application in the fabrication of functionalised (electroactive) monolayers on metal and oxide surfaces. [13, 18] 2. Results and discussion
Synthesis and spectroscopic characterisation of ferrocenylphosphonic acids
Synthetic methods for the preparation of phosphonic acids are well-developed and have been the subject of several comprehensive reviews. [19] Phosphonic acids can be prepared from aryl phosphonate esters by hydrogenolysis in the presence of platinum or palladium catalysts. [20] Hydrogenolysis of the recently synthesized FcCH 2 P(O)(OPh) 2 [21] with H 2 /PtO 2 led to the isolation of the monoester FcCH 2 P(O)(OPh)OH 1, rather than the desired phosphonic acid. We therefore turned to the hydrolysis of alkyl esters, which has been widely used in the synthesis of phosphonic acids. The diethyl ester FcCH 2 P(O)(OEt) 2 has been prepared by reaction of FcCH 2 NMe 3 I with (EtO) 2 P(O)Na or P(OEt) 3 . [2] We find that the same product is produced in moderate yield (after chromatographic purification) when FcCH 2 OH reacts with (EtO) 2 P(O)Na in refluxing toluene. Using an excess of (EtO) 2 P(O)Na, the monoester FcCH 2 P(O)(OEt)OH 2 was the principal product. The preparation of monoesters by base hydrolysis is well-known, [23] and in the present case it seems likely that the excess (EtO) 2 P(O)Na is effecting ester cleavage. Compound 2 is easily purified by extraction into aqueous base, followed by acidification. This compound is stable, and conveniently prepared in good yield (50-65%).
The ferrocene moiety is prone to acid-catalysed oxidation, so acidic hydrolysis of 2 was not undertaken. Instead, 2 was silylated with Me 3 SiBr/Et 3 N, followed by hydrolysis of the resulting silyl ester with 10% NaHCO 3 solution. Such silyl ester-mediated hydrolysis of phosphonate esters is a common technique for the preparation of acidsensitive phosphonic acids. [8, 13 , 24] Acidification of the NaHCO 3 solution resulted in the precipitation of FcCH 2 P(O)(OH) 2 3 in high (91%) yield, Scheme 1. The acid is a yellow crystalline material, sparingly soluble in water and most organic solvents, though appreciably soluble in lower alcohols and Me 2 SO. The yellow colour of the solid slowly fades to pale green upon prolonged exposure (several months) to air at room temperature, characteristic of the ferricinium ion formed as a result of the compound catalyzing its own oxidation.
A similar synthetic method was applied to the preparation of ferrocenylethylphosphonic acid, FcCH 2 CH 2 P(O)(OH) 2 respectively) with (EtO) 2 P(O)Cl, Scheme 3. Reactions of lithiated ferrocenes with compounds containing P-Cl bonds are well-established in the synthesis of ferrocenylphosphorus compounds, and the reaction of Fc'Li 2 with (EtO) 2 PCl has been reported in the literature. [26] The products in the present case are the ferrocenylphosphonates FcP(O)(OEt) 2 and 1,1'-Fc'[P(O)(OEt) 2 ] 2 , which were purified by flash column chromatography. Silyl ester-mediated hydrolysis was complicated by the solubility of the resulting acids 5 and 6 in water. Hydrolysis was therefore effected by a small excess of water in dichloromethane, rather than by a solution of NaHCO 3 . FcP(O)(OH) 2 is an airstable, yellow crystalline compound, while 6 is also yellow, but the colour fades with time.
Both 5 and 6 are soluble in water and polar organic solvents.
The synthesis of phosphonic acid 7 was accomplished using similar chemistry.
Reaction of 1,1'-dilithioferrocene with paraformaldehyde gave the diol 1,1'-Fc'(CH 2 OH) 2 which was chlorinated with PCl 3 in a known procedure [27] to give the reactive dichloride 1,1'-Fc'(CH 2 Cl) 2 . This was reacted, without purification, with excess refluxing P(OEt) 3 to give 1,1'-Fc'[CH 2 P(O)(OEt) 2 ] 2 , which after silyl ester hydrolysis gave 7 as a bright yellow powder which turns green over a period of weeks in air, and is soluble in water and polar organic solvents.
The phosphonic acids give single resonances in their 31 P-{ 1 H} NMR spectra, e.g. at  23.1 for FcCH 2 P(O)(OH) 2 3. Spectra recorded in alkaline D 2 O give an upfield shift of ca. 5 ppm compared to spectra for the free acids.
Synthesis of diphenyl ferrocenylphosphonate esters
As part of this work, we have also synthesized and characterized the phenyl ferrocenylphosphonate esters FcP(O)(OPh) 2 8 and 1,1'-Fc'[P(O)(OPh) 2 ] 2 9. The reaction of (PhO) 2 P(O)Cl with FcLi and 1,1'-Fc'Li 2 gave 8 and 9 respectively, in high yields. The crude products were brown oils, easily purified by silica column chromatography, using ethyl acetate as the eluting solvent. The pure phenyl esters 8 and 9 are orange crystalline solids, unlike the analogous ethyl esters, which are brown oils. They are also appreciably more stable than the analogous ethyl esters, which discolour rapidly in air at room temperature. It was found during the synthesis of 8 that the order of addition of the FcLi and (PhO) 2 P(O)Cl had some bearing on the outcome of the reaction. If FcLi is added to a solution of (PhO) 2 P(O)Cl the reaction proceeded as expected. However, the reverse order of addition led to two products (in ca. 1:1 ratio by 31 To fully characterize the acids 3 and 7, and compare the differences in the structure of mono-and bis-substituted ferrocenylphosphonic acids, single crystal X-ray diffraction analyses were carried out on both compounds. There has been considerable recent interest in structural features of metallocene-derived carboxylic acids, [28] and the structures of 3 and 7 are the first of ferrocenylphosphonic acids.
The molecular structures of 3 and 7 are shown in Figures 1 and 2 respectively, together with the atom numbering schemes. Selected bond lengths and angles are given in Tables 1 and 2 respectively. Of particular interest in both structures are the hydrogenbonding networks formed between the acid hydroxyl groups and the hydrogen bond accepting P=O group.
The structure of 3 shows no exceptional bond lengths or angles. The cyclopentadienyl rings of the ferrocenyl group are eclipsed and the C(1)-C(11) bond lies in the plane of the cyclopentadienyl rings, as seen in structures of other Fc-CH 2 -P systems. [14, 21] There is no interaction of the phosphonic acid group with the iron atom.
Indeed the phosphonic acid is heavily involved in the anticipated hydrogen bonding interactions with adjacent phosphonic acid groups. The compound crystallizes with 8 molecules in the unit cell and forms two-dimensional ferrocenyl bi-layers in the crystallographic ab plane. Hydrogen bonding between phosphonic acid groups on the surface of these layers serve to hold the structure together. Individual hydrogen bonding interactions are shown in Figure 3 , while the overall lattice is depicted in The macrostructure of 7 can be described as infinite chains of hydrogen bonded bisphosphonic acid molecules. These chains run almost at right angles to each other in the structure and are crosslinked by further hydrogen bonding interactions, as shown in Figure   5 . A similar infinite chain motif is found in the crystal structures of the bisphosphonic
[31] and 3 [32] ). The structures adopted by these aliphatic bisphosphonic acids in the solid state are those which maximise the hydrogen bonding interactions. Each phosphonic acid group in the crystal of 7 is involved in four hydrogen bonds, giving a total of eight hydrogen bonding interactions for each molecule. The P=O bonds accept two hydrogen bonds, one from a neighbour in the same chain, the second from a phosphonic acid in a neighbouring chain. Similarly, each phosphonic acid group forms two donor hydrogen bonds through the two OH groups.
Synthesis of the ferrocene-derived arsonic acid FcCH 2 CH 2 As(O)(OH) 2 10
The Meyer reaction [33] has been widely used for the synthesis of aliphatic arsonic acids, and involves the reaction of sodium arsenite (Na 3 AsO 3 ) with alkyl halides, followed by acidification, whereupon the acid separates out. [34] [41, 42] and positive ion mode has been used in the development of analytical techniques. [43, 44] The use of methanolic solvents is commonplace in the reported studies, and methanol is specifically added to increase sensitivity in one study. [45] The positive ion ES behaviour of six organoarsenic acids in a methanol-water solvent system in the presence of acetic acid has been studied. [42] In all cases, the protonated molecule was the most intense ion, however, all spectra contained weak ions due to the respective [M + H -H 2 O + MeOH] + ions, corresponding to monomethylation of the parent acids. Esterification of arsenic acids is known to be a facile process in alcoholic solutions. [46] Prompted by the lack of negative-ion ES studies of organo-arsenic acids (especially arsonic acids), a brief study of phenylarsonic acid was undertaken, using methanol or Melting points were measured using a Reichert Thermopan melting point microscope and are uncorrected. IR spectra were recorded using a Bio-Rad FTS-40 spectrometer. Samples of the phosphonic acids were run as KBr disks, while samples of the esters, and the arsonic acid were run in CH 2 Cl 2 solution. Electrospray mass spectra (ESMS) were obtained with a VG Platform II mass spectrometer. Samples were dissolved in an appropriate solvent and introduced into the spectrometer via a 10 L sample loop using a Thermo Separation Products SpectaSystem P1000 LC pump at a flow rate of 0.01 mL min -1 . Cone voltages were typically varied from 20 to 120 V to maximise spectral quality. To aid ionisation, pyridine was added to acidic samples. A Bruker AC300P spectrometer operating at 121.51 MHz was used to acquire all 31 P NMR spectra; chemical shifts are relative to an external reference of 85% orthophosphoric acid ( 0.0). 13 
Experimental

Materials and methods
Synthesis of FcCH 2 P(O)(OPh)(OH) 1.
To a solution of FcCH 2 P(O)(OPh) 2 
P). ESMS: (MeOH/H 2 O, cone voltage 20V) m/z 355 ([M -H] -, 100%), 325 ([M -H + MeOH] -, 10%). IR (Solution in CH
Synthesis of FcCH 2 P(O)(OEt)(OH) 2.
(EtO) 2 P(O)Na was prepared by refluxing a mixture of diethyl phosphite (6.97 mL, 0.054 mol) and sodium metal (1.24 g, 0.054 mol) in dry toluene (80 mL) under a nitrogen atmosphere until no trace of the metal was observed (1-2 hours). To the hot solution was added FcCH 2 OH (5.85 g, 0.027 mol) in ~1 g portions and reflux continued for three hours.
The reaction solution was cooled and 60 mL of 10% NaHCO 3 solution added. The resulting two phase system was stirred for 10 minutes before the layers were separated. 
Synthesis of FcCH 2 P(O)(OH) 2 3.
A solution of triethylamine (0. Single crystals of 3 were obtained serendipitously from a warm methanol solution which also contained urea and zinc chloride in an attempt to prepare the zinc salt of the acid. From this solution, small yellow crystals of 3 precipitated over a period of 2-4 weeks. Crystallographic data for 3 are given in Table 3 . The data set was collected on a Nicolet R3 diffractometer. The structure was solved by direct methods and developed routinely using the SHELXL-97 program with full least-squares refinement based on F o 2 .
Synthesis of FcCH 2 CH 2 P(O)(OH) 2 4.
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All non-hydrogen atoms were refined using anisotropic temperature factors. All hydrogen atoms were found from peaks of residual electron density in the penultimate electron density map and refined in a riding model with isotropic temperature factors. The largest residual electron density peaks in the final electron density map did not exceed +0.279 and -0.305 e Å -3 .
Crystals of 7 suitable for X-ray crystallographic analysis were obtained by evaporation of an aqueous solution which also contained potassium bisulfite as an antioxidant. Crystallographic data for compound 7 are given in Table 3 . The data set was collected on a Siemens SMART CCD diffractometer and corrected for absorption using SADABS.
[55]. The structure was solved by direct methods and developed routinely using the SHELXL-97 program with full-matrix least-squares refinement based on F o 2 . All non-hydrogen atoms were refined using anisotropic temperature factors. All hydrogen atoms were found from peaks of residual electron density in the penultimate electron density map and were refined with isotropic temperature factors. The largest residual electron density peaks in the final density map did not exceed +0.336 or -0.288 e Å -3 .
Crystallographic data for both structure determinations have been deposited with Captions for Figures   Fig. 1 Molecular structure and atom numbering scheme of FcCH 2 P(O)(OH) 2 3; nonhydrogen atom ellipsoids are shown at the 50% probability level. non-hydrogen atom ellipsoids are shown at the 50% probability level. 
